Using complete redshift catalogs, we have compiled a list of galaxy pairs based solely on a pairÏs projected separation, and velocity di †erence, *V . We have made high-velocity precision H I observations r p , of each galaxy in the sample and have reported these in the literature. Due to the nature of the redshift catalogs, we are able to quantitatively evaluate the e †ects of isolation and number density of surrounding galaxies on each pair in the sample. For the close galaxy pairs kpc), the degree of isolation (r p \ 100 (a measure of the number of near neighbors) has little e †ect on the median *V . This median is about 55 km s~1 for the 25 close pairs (if medium-density close pairs are omitted *V is even smaller, but the di †erence is not statistically signiÐcant). The e †ect of isolation is strong for the entire sample of galaxy pairs with separations as large as 1.0 Mpc. For these larger separation pairs, relaxation of strict isolation requirements introduces small groups into the sample, which dramatically increases the median *V . We Ðnd little evidence of an increase in the median *V with decreasing nor with increasing total lumir p , nosity. For our isolated pairs in low-density regions, the overall median *V is only 30 km s~1. For similar separations and isolation criteria, galaxy satellites with larger luminosity ratios (i.e., less dynamical friction) in higher density regions have *V approximately twice as large. We conjecture that our orbits are highly eccentric, so that the indirect e †ect of dynamical friction leads to predominantly small *V . However, the halos of our galaxies may also be of low density (although highly extended).
INTRODUCTION
Earlier studies of galaxy pairs were hampered by the paucity of galaxy catalogs with redshifts and had to concentrate on pairs with moderately small projected separations, kpc (e.g., Page 1952 ; Turner 1976 ; Peterson 1979a Peterson , r p ¹ 100 1979b White 1979) . Biases introduced by small upper cuto †s to can be compensated for in principle, but ambir p guities remain (e.g., Schneider & Salpeter 1992) . Wider galaxy pairs have been observed since the 1980s (e.g., White et al. 1983 ; Schweizer 1987) , and the availability of the Center for Astrophysics (CfA) and Southern Sky Redshift Survey (SSRS) galaxy catalogs has enabled pair observations to be extended out to Mpc (see Chengalur, r p D 1 Salpeter, & Terzian 1993) .
The availability of redshift catalogs also makes it possible to assign galaxies and galaxy pairs to regions of di †erent galaxy number density, evaluated over volumes of extent 5È10 Mpc, larger than galaxy groups but smaller than supercluster separations (Charlton & Salpeter 1991) . It is instructive to separately study galaxy pairs from the lower density half of the catalogs, which represents half the number of galaxies, but appreciably less than half the number of pairs, and more than half the volume of space. The observational papers summarized below involve a systematic selection from this lower density half (a small selec-tion from the third density quartile will also be mentioned, but is less systematic).
We exclude high-density regions (clusters and rich groups) and restrict our study to spiral-spiral pairs, which allows the use of high-precision redshifts obtained with H I radio spectroscopy. For larger values of a pairÏs radial velocity di †erence, *V , optical spectroscopy is sufficiently accurate, but we are especially interested in a peak at small *V (median as small as 35 km s~1), where the higher precision is welcome. The choice of radio telescope is dictated in part by the angular separation of the pair, but all the instruments used give sufficiently accurate *V . The only limitations on physical projected separation are (1) Mpc r p \ 1 and (2) separate catalog entries for the two galaxies, which requires approximately kpc. r p º 20 The methodology outlined above is employed by Chengalur et al. (1993 Chengalur et al. ( , 1994 Chengalur et al. ( , 1996 hereafter CST93, CST94, and CST96, respectively) and Nordgren et al. (1997a Nordgren et al. ( , 1997b Nordgren et al. ( , 1998 hereafter NCST97a, NCST97b, and NCST98, respectively) to construct the galaxy-pair sample analyzed in this work. Galaxy pairs are chosen from the low-density half of the CfA1 , SSRS1 (da Costa et al. 1991) , and SSRS2 (da Costa et al. 1994 ; L. N. da Costa 1994, personal communication) redshift catalogs, where a maximum velocity di †erence and projected separation is imposed. Quartiles (i.e., one-quarter the number of galaxies) are constructed separately for the northern and southern catalogs. Due to the large beam sizes of even the largest radio telescopes, previous surveys using H I spectroscopy from single-dish telescopes were biased away from galaxy pairs with small angular separations (Peterson 1979a ; Schneider & Salpeter 1992) . In a technique similar to that used by van Moorsel (1987) , pairs with less than D10@ were h sep observed using aperture-synthesis telescopes such as the Very Large Array (in both C and D conÐguration), the Westerbork Synthesis Radio Telescope, and the Australia Telescope Compact Array (in 1.5 km mode). The result is a new galaxy-pair sample with high-precision H I velocities, which includes both the very widest and close pairs, but not pairs in the late stages of merger.
Because of the di †erent types of data available for the close pairs (H I synthesis maps and optical images) as opposed to the wide pairs (single-dish H I spectra), the analysis in this paper will Ðrst treat the close pairs separately (°2) before examining the entire sample of pairs (°3). Section 4 uses this complete sample to derive various dynamical quantities of interest and compares our data with a survey of bright galaxies with faint satellites. Section 5 gives conjectures on outer halos with low density but large extent. The Appendix gives velocity ratios for such halos, necessary for a discussion of tidal tails, and estimates dynamical friction at large separations. Table 1 lists the galaxy pairs that make up the close galaxy pair sample. In Table 1 , column (1) gives names of the galaxies of the pair (where U denotes the UGC) ; column (2) lists the reference (i.e., the paper from which the velocity used originates) ; and column (3) gives the H I mass in units of 109
THE CLOSE PAIR SAMPLE
The mass of neutral hydrogen is found from the M _ .
integrated Ñux by
where D is the distance to the pair in Mpc (see col.
[8]),
for km s~1 Mpc~1, and is the integrated H 0 \ 75 / S c (v)dv Ñux in units of Jy km s~1 (Giovanelli & Haynes 1988) . Column (4) lists the luminosity of the galaxy in units of 109
The luminosity is computed from the corrected total L _ . magnitude (i.e., the total "" face-on ÏÏ magnitude cor-B T 0 , rected for Galactic and internal absorption as well as redshift). The value for is quoted from the Third Refer-B T 0 ence Catalogue of Bright Galaxies (RC3 ; de Vaucouleurs et al. 1991) ; in the event of no entry in the RC3, the B magnitude is quoted from the UGC (Nilson 1973) catalog. Column (5) gives the radial velocity di †erence of the pair, column (6) the 1 p velocity di †erence uncertainty, column (7) the projected separation of the pair, column (8) the distance to the pair, and column (9) the density quartile in which it is found. Column (10) gives the H I morphological characteristics (where "" t ÏÏ indicates tails, "" b ÏÏ bridges, "" c ÏÏ common envelopes, and "" d ÏÏ normal disks). Additional information can be found for each galaxy in Table 1 by  checking Table 4 in NCST97a and NCST97b.
To be a pair in the close-pair sample, galaxies must satisfy the following criteria from CST94, NCST97a, and NCST97b : a Calculated from the total "" face-on ÏÏ magnitude corrected for internal and Galactic extinction as well as redshift, from the RC3. 1. Each galaxy must have an independent listing in the redshift catalog (CfA1 in the north, and SSRS1 and SSRS2 in the south). This excludes pairs with separations much less than 10 kpc, which might be in the middle of merger.
2. At least one galaxy in the pair must have a redshift between 1100 and 4500 km s~1 for the CfA1, and between 1100 and 5300 km s~1 for the SSRS1 and SSRS2.
3. At least one member of the galaxy pair must have a number density of surrounding galaxies less than the upper limit of the third quartile (58.0 galaxies per volume for the CfA1, 62.4 galaxies per volume for the SSRS1 and SSRS2).
4. The projected separation must be less than 100 kpc. 5. The velocity di †erence must be less than 300 km s~1. 6. Both galaxies should be of type Sa or later to ensure detectable levels of H I emission.
7. The angular separation of the pair should be less than about 10@, so that both galaxies will be well within the primary beam of the VLA or ATCA.
8. There should be no more than one additional galaxy within the catalog (and only provided that it is type Sa or later) within a projected separation of 750 kpc and velocity di †erence less than 400 km s~1 of the target pair. No close pairs with an elliptical galaxy within 750 kpc and 400 km s~1 were retained.
Forty-eight galaxy pairs from the CfA1, SSRS1, and SSRS2 met the selection requirements of criteria 1È7, while only 29 pairs satisÐed all eight criteria. Added to the sample were UGC 9903-9904, with two neighbors (as an example of a quartet), and UGC 5972-5982, with Ðve neighbors (as an example of a small group). Thirty-one pairs therefore make up the close galaxy pair sample. However, seven galaxy pairs do not appear in Table 1 . For three pairs , only one member of the pair was detected in H I, while for 422G37-39 neither galaxy was detected. For 544IG1-2, the H I for the pair was not resolved, resulting in no measurable velocity di †erence. The signal-to-noise ratio for the pair 462G29-31 was poor, which, coupled with the presence of a nearby strong continuum source, yielded very poor velocity measurements. The Ðnal pair NGC 3690-IC 694 is in the Ðnal stage of merger, which resulted in a complex velocity Ðeld. The presence of a large H I absorption feature makes identiÐcation of a velocity di †erence even more difficult.
T he Medium-Density Quartile
The close galaxy pair sample contains pairs from the three lowest density quartiles. Of the pairs in Table 1 , 10 are from the third quartile, while 14 are from the lower two. Figure 1 shows the distribution of *V for the close pairs and shows that there are no pairs with velocity di †erences as high as 300 km s~1. The velocity di †erence between the two H I lobes of NGC 3690-IC 694 is 333 km s~1, but it is not clear how the absorption feature a †ects the peak velocity measured in each lobe. The optical velocity di †erence is only 14 km s~1, although again, it is not clear to what H I features this corresponds. According to Bartlett & Charlton (1995) , galaxy pairs near perigalacticon should have high velocity di †erences (D500 km s~1 for pairs with an initial separation of D1 Mpc). Figure 1 indicates that this is not the case, although the possibly high *V of NGC 3690-IC 694 would make sense in this light, given that it is a galaxy pair in the very latest stage of merger. Pairs with *V [ 600 km s~1, however, are not included in this sample. possibly representing no more than the rotational velocity of a single galaxy. One can see that in addition to NGC 3690-IC 694, only three pairs have *V greater than about 200 km s~1. Only one of these, 111G9-10, is not part of a larger group (and according to the SSRS1 is an isolated galaxy pair from the Ðrst density quartile). Figure 3 shows the ESO digitized Southern Sky Survey print of pair 111G9-10, J band. There is no obvious sign of interaction between the two galaxies, while the galaxy to the southwest may indicate that this pair is a triplet. Until H I observations of this pair can be obtained, we have not included it in the current study.
As already foreshadowed in CST96, most of the *V values for the close pairs are surprisingly small ; the median *V for all 24 pairs together is only 55 km s~1. For the 14 low-density pairs the median *V is even smaller (40 km s~1), but this di †erence is not statistically signiÐcant. As illustrated in Figure 2 of CST96, most *V values are considerably smaller than the galaxy rotational velocity. Omitted from these calculations are the highly confused pair NGC 3690-IC 694 and the high *V pair, 111G9-10.
H I Companions
The observing set up at the VLA and ATCA made possible the detection of H I companions within^500 km s~1 of the average velocity of the target pair. Several pairs that were thought to be isolated are now known to be triplets or members of small groups. CST94, NCST97a, and NCST97b discuss whether these companions were previously known (but not given in the CfA1, SSRS1, or SSRS2) or are new discoveries. In all but two cases, H I detections were identiÐed with optical counterparts.
Out of 12 medium-density pairs (where both members of the pair were detected in H I, which includes NGC 3690-IC 694 and 544IG1-2), six have companions. If one removes UGC 5972-5982 (which was included in this sample even though it has Ðve neighbors), then Ðve out of 11 pairs have companions. This fraction of 5/11 is larger than the fraction of Ðve out of 14 for the low-density pairs by only an insigniÐcant factor, smaller than the density ratio in the two regions. Pairs with more than one companion in the redshift catalogs were omitted from our sample, however, so we can only say that the ratio of binaries to triplets is not very sensitive to density. The inclusion of fainter satellites in future samples could improve the statistics (Zaritsky & White 1994 ).
T idal Morphology
The nature of aperture-synthesis spectroscopy makes possible the imaging of the H I distribution for the close pairs and presents an opportunity to better determine which close pairs are physical. Tidal disruption of the H I disk, unusual kinks in the H I velocity Ðeld, or signs of similar velocity between neighboring disk edges are all clues that the close pair is not just a chance superposition. Of the 26 close pairs for which there is H I morphological information (the 24 in Table 1 plus NGC 3690-IC 694 and 544IG1-2), 16 show some sign of tidal tails, Ðve show some sort of bridge, and 11 are in some form of common H I envelope, while Ðve possess mostly normal H I disks (several galaxy pairs possess more than one tidal characteristic). Column (10) of Table 1 lists the morphological characteristics observed in each of the close pairs. Virtually every close pair displays some form of H I tidal deformation. Pairs with separations as great as 100 kpc show signs of tidal tails ; some tails are quite long, and some pairs show tidal truncation (mass loss) or distortions. Pairs with the very closest separations show some type of common H I envelope in addition to tails. From very wide to close separations there is a general trend of tails to a bridge plus tails to Ðnally some kind of common envelope. Pairs (where H I is detected in both galaxies) with *V above the median 55 km s~1 show another interesting property : if at least one of the two galaxies is elongated and one of its sides is close to the other galaxy, the adjacent sides have almost the same velocity. Six out of six pairs for kpc r p \ 40 show this property, while only a few counterexamples exist for large r p .
Spin and Orbital Angular Momenta
For a given galaxy, if one has an H I rotation curve for the disk and an optical image in which spiral arms are distinguishable, one can determine the full threedimensional orientation of the galaxyÏs spin vector (assuming that spiral arms trail as the galaxy spins). Knowing this orientation for both galaxies in a pair, one can determine the angle between them (b).
Using a sample of 30 galaxy pairs drawn from observations available in the literature, Helou (1984) found an excess of pairs with antiparallel spin vectors ([1 \ cos b \ 0). However, if galaxy pairs form together out of a common protogalactic cloud, their spin angular momenta vectors should be predominantly parallel (Oosterloo 1993) . Oosterloo (1993) used a subset of 40 galaxy pairs from the van Albada Catalog of Multiple Galaxies (see Soares 1989) . He found no excess of pairs with either antiparallel or parallel spins. OosterlooÏs pairs corresponded to a random distribution of b (a uniform distribution of cos b over the range [1 to 1).
We determine orientation of the spin axis for each galaxy in the current close-pair sample (including H I companions where the optical counterpart has spiral features) and the kpc. For each pair, b is found (for triplets there are r p \ 100 three values of b). There are no projection e †ects hidden in this quantity. Thirty-two pairings are measured for the close galaxy pair sample. Figure 4 shows the histogram of cos b, which, if b is truly uniform, will be a constant. There is no indication of an excess of pairs with antiparallel spins. Figure 5 plots b versus projected separation between galaxies in a pairing. The distribution of pairs is mostly random in Figure 5 , with the pairs from either density group or degree of isolation possessing no discernible trends. For the 16 pairings with less than 50 kpc, the r p mean b is 107¡. For the 18 pairings with greater than 50 r p kpc, the mean b is 86¡. The di †erence between the median values is not statistically signiÐcant.
THE COMPLETE LOW-DENSITY SAMPLE
The low-density sample (LDS) is composed of those pairs that satisfy the following criteria (CST93, NCST98) :
1. Each galaxy must have an independent listing in the redshift catalog.
2. At least one galaxy in the pair must have a redshift between 1100 and 4500 km s~1 for the CfA1, and between 1100 and 5300 km s~1 for the SSRS1.
3. At least one member of the galaxy pair must have a number density of surrounding galaxies less than the median for the catalog (i.e., in the lower two quartiles).
4. The projected separation must be less than 1.0 Mpc. 5. The velocity di †erence must be less than 400 km s~1. 6. Both galaxies should be of type Sa or later to insure detectable levels of H I emission.
7. Galaxy pairs in the north must lie within the declination range of Arecibo ([2¡ \ d \ 38¡). Galaxy pairs in the south must be in the declination range between [19¡ .5 and (this is due solely to the sky coverage limitations [46¡ .5 of the Arecibo telescope and observing time constraints at Parkes).
To these pairs are added the members of the close galaxy pair sample that are found in the lower two density quartiles. The LDS is a complete sample in which the pairs with small projected separations have been observed using aperture-synthesis techniques, while those with larger separations have been observed using single-dish radio telescopes (CST93 ; CST94 ; NCST97a ; NCST97b ; NCST98).
Out of 190 galaxies observed, in all but 11 cases the optical-and H IÈderived velocities agree within the uncertainties. In all but 10 cases, the H I measurements are more precise than the value found in the optical catalog. The median H I is 1.8 km s~1, while the median optical V err V err is 24.0 km s~1. Figure 6 shows the histograms of *V for the entire LDS ; Figure 6a shows all pairs (with the Ðrst density quartile pairs dashed), Figure 6b shows the isolated pairs, and uniform out to di †erences of 400 km s~1 (the maximum limit imposed by the selection criteria). The isolated sample, meanwhile, approaches zero pairs by a velocity di †erence of only 200 km s~1. For both subsamples, the majority of pairs are at *V \ 90 km s~1. The nonisolated sample, on the other hand, exhibits a very broad shape with relatively many pairs at all velocity di †erences. Figure 7 shows a similar set of histograms for projected separation. In all cases, pairs are found with a nearly constant number at all projected separations up to the maximum of 1.0 Mpc. In the event that observing pairs with larger projected separations merely results in the inclusion of more optical pairs in our sample, then in Figure 7 N(r p ) should increase with increasing This is not observed. It is r p . of primary importance to this work that the absence of an increase of with increasing indicates that the criteria N(r p ) r p of°3 are selecting only real physically associated pairs and not simply adding more optical ones. We comment below (°°4.3, 5, and 6) on the fact that also does not increase N(r p ) with decreasing r p . Not seen in Figure 6 are signs of a secondary peak in N(*V ) at a nonzero velocity di †erence, which is one sign that our sample is not biased against pairs with large angular separations (Nordgren, Terzian, & Salpeter 1996) .
Density Quartiles and Isolation
Calculating the mass of galaxies from their dynamics assumes that the motion of the two galaxies is due solely to their combined gravitational Ðeld. What are the e †ects on a pair caused by near galaxy neighbors (isolation), as well as those in the distant surroundings (density quartile) ? Figure  8 shows the galaxy pairs of the LDS, with the two di †erent density quartiles marked. For all but a few pairs, the size of the error bars on *V are smaller than the markers, and are therefore not shown. Figure 8a shows all the pairs, while Figure 8b shows the subset that are isolated. For Figure 8a , there is no discernible di †erence in the median *V between the 19 pairs in the Ðrst quartile and the 98 in the second (although one does see that the maximum *V boundary for the Ðrst-quartile pairs is lower than for the second quartile). For the two quartiles combined, the median *V is shown, and is km s~1 (we estimate the^uncertainty for an 78~1 2 15 ordered sample of 2N pairs from the *V values for the pairs ranked N ] N1@2 and N [ N1@2). In Figure 8b , there is also little di †erence between the median *V in the two groups (although the small number of pairs makes this a statistically insigniÐcant statement). Again, however, the largest *V for the Ðrst-quartile pairs is about half that for those in the second. The median *V for both quartiles in the isolated sample is km s~1. This median *V should 30~4 9 be compared to the median *V for those pairs (in both quartiles) that have a nearby neighbor : 115^30 km s~1. While the quartile does not have a signiÐcant e †ect on the median *V , the presence of a neighboring galaxy most certainly does. In addition to this di †erence in median *V , Figures 6b and 6c show that the distribution function for *V has a di †erent shape for isolated and nonisolated pairs.
Inspection of Figure 8a shows that for the full sample, galaxy pairs are found at all separations with *V extending right up to the cuto † velocity of 400 km s~1. This is not observed for the isolated sample in Figure 8b . In Ramella, Focardi, & Geller (1996) , redshifts for 13 groups of galaxies are taken from the SSRS1 (where a group is deÐned as having Ðve or more members within a radius of D1 Mpc and 3000 km s~1). The median velocity dispersion is 276 km s~1, with dispersions for individual groups spanning from 120 to 630 km s~1. Several galaxies that were observed for the LDS exhibit pairings with at least this many galaxies. Galaxy 406G27 has four pairings, while 346G26 has Ðve, and 346G22 has seven. By not requiring the pairs to be isolated (or even to have no more than one neighbor), our selection criteria for the wide pairs allows members of larger groups into our sample of pairs, which leads to larger *V , characteristic of group dispersion.
ANALYSIS
There are three quantities for which it is of interest to see whether they vary noticeably as a function of These r p . quantities are *V , the total luminosity (L ), and the ratio of mass (M) to luminosity, M/L . The low-density sample (LDS) is broken into four sets based on pair separation : (1) kpc, (2) kpc, (3) r p \ 250 250 \ r p \ 500 500 \ r p \ 750 kpc, and (4) 750 Mpc. Within each 250 kpc kpc \ r p \ 1.0 bin, the median *V , L , and M/L is found (see below for the deÐnition of M). Table 2 lists these values for the isolated pairs of the LDS. Values in parentheses are for the nonisolated pairs (i.e., those pairs with one or more companions). In this way, one can easily compare any variation as a function of increasing and isolation. r p 4.1. V elocity Di †erence The isolated LDS pairs, the category of greatest interest, have only an average of 11 pairs per 250 kpc bin, but two statements can be made about the median *V in Table 2 : (1) there is no trend for *V to vary with separation, and (2) the overall median *V is surprisingly small, only about 30^9 km s~1.
The nonisolated LDS pairs (i.e., those pairs with one or more companions) have a larger median *V in each separation bin than the isolated pairs. The overall median *V for the pairs with companions is 115 km s~1. As previously stated, some of the nonisolated pairs are just two members of some larger galaxy group, while some are genuine pairs with a more distant companion (which increases the lumi- nosity only a little). For these pairs with companions, there is also no trend of median *V with separation except for r p , an anomalously large *V in the second (375 kpc) bin. For members of larger groups, there seems to be no reason for the second bin to deviate from the Ðrst/third average. We are probably dealing with a rare 2 p Ñuctuation, but this should be checked with future, larger samples.
As seen in Table 2 , there is no dependence of the median luminosity L on separation, nor is such a dependence expected. However, a galaxyÏs rotation velocity, is highly v c , correlated with its luminosity, L (the Tully-Fisher relation), and one would expect a correlation between *V and and v c , hence between *V and L . We constructed four bins with increasing L , irrespective of and found the median *V r p , for each bin. We found no trend between *V and L at all.
This negative result is surprising and important (see below). We also have the magnitude di †erence, *m B \ for each of our pairs, and the median 2.5 log (L : /L ; ), *m B is 0.9 mag. We looked for a correlation between *V and and found no trend either. Because dynamical friction *m B depends on the mass ratio of a galaxy pair, one might expect a correlation (however, we have only a fairly small spread in with for only 20% of the pairs).
4.2. Ambiguities for Dynamical Mass A dynamical mass parameter, is derived from the M dyn , radial velocity di †erence, *V , and the projected separation, as r p ,
For an isolated pair of point particles in a dissipationless bound Kepler orbit, there are statistical relations between and the true total mass of the pair (Page 1952 ; Faber M dyn & Gallagher 1979) . For reasonable assumptions of orbit parameters, after many orbits, a nominal "" indicative mass ÏÏ estimator is
The ratio of to total luminosity is given for the bin M ind medians in Table 2 , and the full isolated pair sample medians give M ind D 3.6 ] 1011 M _ . For real galaxy pairs, the relation between real mass and is ambiguous for various reasons. First, as illustrated M ind in Table 2 , nonisolated pairs tend to have much larger *V than isolated pairs, presumably because they are likely to be members of a larger group with larger group mass than the combined mass of two galaxies. Under these circumstances, in equation (4) overestimates the true pair mass. It is M ind therefore important to use only "" isolated ÏÏ pairs, but companions fainter than the catalog limit are missed, and one might still misclassify some group members. The fact that few of the isolated pairs in this paper have *V [ 200 km s~1 suggests that group misclassiÐcation is not a major problem. The true pair mass is thus not likely to be smaller than for our isolated pairs, but it might be appreciably M ind larger, for reasons discussed in°5.
Comparison with Data on Galaxy Satellites
Data on our low-density, isolated pairs with separation up to about 500 kpc can be compared with data on faint r p satellites at similar separations (Zaritsky et al. 1993 (Zaritsky et al. , 1997  see also Erickson, Gottesman, & Hunter 1999) . The selection criteria for the two surveys both involve isolation requirements at kpc, but di †er in two respects : (1) r p \ 500 Our pairs have fairly small magnitude di †erences (median is only 0.9 mag), whereas the selected satellites all have *m B (most [2.5). There is thus almost no overlap *m B [ 2.2 between the surveys, and is mostly absent *m B \ 1.5È2.5 from both surveys. (2) The relationship of "" near versus far ÏÏ density requirements is di †erent : our pairs have two bright galaxies within 500 kpc and theirs only one, and we require low density at 1È5 Mpc while they have no requirement (except the absence of a rich cluster). Eighteen of the galaxies listed in Zaritsky et al. (1997) are listed in the CfA1 redshift catalog with nearly equal numbers appearing in all four density quartiles.
Some results in the two surveys are similar, but others are di †erent. (1) In both surveys, the velocity di †erence *V does not increase with increasing (total luminosity), nor with V rot decreasing Any successful model of galaxy pairs will r p . have to deal with this "" absence of KeplerÏs law.ÏÏ (2) The median value of *V is almost twice as large for the satellite pairs as for our pairs. (3) The distribution function for N(r p ) projected separation is independent of for our isolated r p pairs, but increases somewhat with decreasing for the r p satellite pairs. (4) In neither survey is there an obvious correlation between *V and but the two ranges *m B , *m b are moderately small and nonoverlapping. Zaritsky & White (1994) have analyzed and the *V N(r p ) distribution of the satellite pairs in terms of noncircular orbits with moderate eccentricities. Because of the large magnitude di †erences, they are able to neglect dynamical friction and arrive at halo mass estimates about 4 times larger than our nominal values. Their mass estimates M ind are compatible with the rather large halo masses obtained by Navarro, Frenk, & White (1996 ; hereafter NFW) from structure formation calculations. Our smaller values of *V (and, by deÐnition, of may indicate smaller M ind ) actual masses, but may in part be due to indirect e †ects of dynamical friction (see°5).
Our data can also be compared with cD companions in the high-density regions of galaxy clusters (Bothun & Schombert 1988 , 1990 ; some bound pairs are found with *V appreciably smaller than the cluster velocity dispersion, and noncircular orbits with some dynamical friction near perigee are suggested. Bothun & Schombert Ðnd appreciable tidal truncation of the fainter galaxy. For our closer pairs, we Ðnd some tidal truncation, but we cannot be quantitative because distortions are common. As mentioned, we Ðnd tidal tails in almost all of our pairs up to kpc. r p D 100 For two pairs the tails are quite long, while for the rest none are as regular in shape as the "" classical ÏÏ examples of tidal tails.
CONJECTURES ON HALOS, ORBITS, AND DYNAMICAL FRICTION
Earlier discussions of dark matter halos for bright spiral galaxies centered on isothermal halo models, which predict a circular rotation velocity, independent of radial disv c (r), tance, r. For a chosen value, of this velocity, these v 0 , models had a single parameter, the outer radius of the R H , halo. Mass, M(r), increases linearly with r out to with R H , density o(r) P r~2. Structure formation calculations, at least for infall of cold dark matter (CDM), predict di †erent forms for M(r) and for the density proÐle, o(r). Results from more Vol. 544 recent computations (e.g., Kravtsov et al. 1998 ; Huss, Jain, & Steinmetz 1999 ; Moore et al. 1999 ; Jing & Suto 2000) di †er somewhat from the original NFW density proÐles (Navarro et al. 1996 (Navarro et al. , 1997 , but there is agreement on two points : (1) The logarithmic slope of o(r) is appreciably different inside a certain scale radius, from that in the outer R s , halo between and some outer radius There is some R s R H . controversy about the "" universality ÏÏ of the inner halo for di †erent masses and about the relation of the inner to the outer halo. (2) The outer halo is extended, but M(r) increases only logarithmically with r, and density decreases approximately as o(r) P r~3.
The numerical accuracy of structure formation calculations has improved sufficiently, so that discrepancies between observations and calculations for inner galaxy regions are now thought to be due to some defect in basic CDM theory (Moore et al. 1999 ; Navarro & Steinmetz 2000) . The discrepancy may be connected to some additional pressure term, which increases more than linearly with dark matter density, or some other e †ect for small, dense regions. We can hope that point 2 above still holds for outer, low-density regions, but the theory for inner regions is now uncertain. In view of these uncertainties, we propose an interim analytical halo model, in which the inner region is an isothermal sphere, as suggested by the observed approximately constant rotation curves. We invoke CDM calculations only to the extent of postulating an outer "" inverse cube ÏÏ halo, with o(r) P r~3. The scale radius, separating the two regions is one parameter, and R s , the termination radius, of the outer halo is another. R H , Since *V for pairs does not correlate well with luminosity, one should introduce a third parameter, a, for a change in o(r) in the vicinity of (see also NFW and Erickson et al. R s 1999).
The Appendix gives expressions in terms of and a R s , R H , for mass M(r), circular rotation velocity and the radial v c (r), infall velocity from inÐnity, A decrease in the "" density V f (r). change factor ÏÏ a has e †ects similar to those of decreasing and we reproduce here only the expressions given in the R s , Appendix for a \ 1, i.e., continuity at With as the R s . o S density at and the mass inside we
For the mass M(r) and circular rotation veloc-
For the velocity decreases almost with R s > r \ R H , KeplerÏs law, but decreases quite slowly just outside For R s . the infall velocity, is
(8) Dubinski, Mihos, & Hernquist (1996) suggested that spiral galaxies in a low-density environment might have less massive halos. According to equations (5) and (6) Dynamical friction is more important for our galaxy pairs with comparable masses than for very low mass satellites, and it is even nonnegligible at large separations (see eq.
[A5]). We are suggesting highly eccentric initial orbits, and high eccentricity is maintained for a few subsequent orbits, even with friction (see, e.g., Bartlett & Charlton 1995) . With the closest separation, much smaller than the largest r per , separation, *V can be both small and uncertain : *V at R ap , is only of the order of and much of the r ap v 0 (r per /r ap ) ¹ v 0 , orbit is spent near (but not at)
We noted in°4.1 that our r ap . nonisolated pairs have much larger median *V than the isolated pairs, even though for many the total luminosity is larger by only a moderate factor (reminiscent of the Local Group versus an isolated Milky Way/Andromeda pair). The additional group members may simply prevent a very small (r per /r ap ). As discussed in the Appendix, for highly eccentric orbits even a little dynamical friction per orbit (m ¹ 1) can have an appreciable indirect e †ect on our wide pairs. However, in°2
.3 we saw some indirect evidence for almost circular orbits for some of the very close pairs ; the secondary galaxy seems to be "" rolling around the circumference ÏÏ of the primary galaxy in those cases. Such a geometry may arise rarely, but may result in many orbits without a merger.
SUMMARY
The histogram of radial velocity di †erence, *V , for the low-density wide-pair sample (Fig. 6) indicates that this is a complete sample of galaxy pairs that is not biased away from pairs with large projected separations, Breaking the r p . low-density pairs down into subsets from the Ðrst and second quartile of large-scale galaxy density, there is no di †erence in the median *V or the distribution of versus r p *V for the two groups. This null result is used to justify future treatment of the lower two density quartiles as a single group (i.e., low density). The degree of isolation of the LDS is important, in that for the nonisolated sample, galaxy pairs are found at all with values for *V that r p , extend right up to the 400 km s~1 cuto † (Fig. 8a) . Without strict isolation restrictions, the galaxy-pair sample includes many pairings of galaxies that comprise larger galaxy groups and skew the distribution of *V .
However, from the H I morphology of the close pairs, and with the limit of only one galaxy neighbor within 750 kpc and 400 km s~1, we conclude that virtually every member of the close-pair sample is a true physical pair (i.e., the ratio of to total separation r is not unusually small). The few r p pairs that do not show any unmistakable signs of tidal interaction do not display signs of being optical pairs (i.e., *V and are not large, and the di †erences in magnitude r p are small ; see Fig. 2 ). The median *V for the close pairs is unusually small (D55 km s~1 for low-density pairs). For the close pairs (where we are conÐdent that optical pairs and pairs in groups have already been excluded), there is little di †erence between isolated and nonisolated samples. The e †ect of near neighbors on a close pair appears to be negligible.
For the LDS, the median total luminosity per pair is independent of pair separation (Table 2) , and the median *V per pair is independent of total luminosity. The low value of the median *V for galaxy pairs with Mpc r p D 1.0 indicates that these are bound pairs with very wide separations. It also suggests that the cosmic peculiar velocities tend to be smaller in low-density regions than elsewhere. The distribution function for is almost Ñat, as it would be r p for radial inÑow at constant speed. This is an indirect argument for the conjecture that close pairs are achieved by almost radial infall orbits.
The isolated low-density sample shows that there is no trend for *V to vary with separation, and the overall median *V in all separations up to 1 Mpc is only about 30 km s~1. This *V is much smaller than the circular rotation velocity, just outside the visible galaxy disk. The Dv 0 nominal indicative dynamical mass for our isolated LDS pairs is unreasonably small, and
). We have conjectured that the dark matter r p outer halo of a bright spiral galaxy, at least for one paired with another bright galaxy but in a low-density region, has a low density but a large extent. We used an "" inverse cube ÏÏ density halo extending to Mpc as a model, so that R H D 1 dynamical friction is nonnegligible for our pairs even at large separations. We also conjectured highly eccentric orbits for our pairs, so most of the time is spent near apogee with low velocities. The true total halo mass, must be M tot , appreciably larger than by an unknown amount. M ind , Many of our pairs are able to produce tidal tails, which places an upper limit on the ratio of free-fall velocity to circular rotation speed. For the type of halo model we have postulated, this requires for M tot ¹ 1.5 ] 1012 M _ v 0 D 220 km s~1 (but not all pairs will make tidal tails, and some may be more massive).
Surveys of galaxies with very faint satellites have given median *V values appreciably larger than our pairs, with mass estimates of the order of 2 ] 1012 (Zaritsky & M _ White 1994) . One cause for the *V di †erence between the two surveys is presumably that dynamical friction is much smaller for the satellite pairs because of the much larger magnitude di †erences. A subsidiary cause may be that the outer halos in our survey are less massive than the primaries in the satellite survey (either because our survey criteria select two bright galaxies instead of one for kpc, or r p \ 500 because of lower density at Mpc). While our mass r p [ 1 estimates are uncertain, the small value for the median *V itself is secure. 
Note that decreases almost with KeplerÏs law for but decreases quite slowly just outside v c (r) R s > r \ R H , R s . In°5 we discuss halos with a large outer radius, and orbits that start at very large separation with very little angular R H , momentum. The free-fall velocity, reached in zero-energy radial infall orbits, is therefore of interest here (and also for the V f (r), production of tidal tails in close collisions). For we have
